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William L. Jones 

An investigation of thrust augmentation by injection of' water 
SnB water-alcohol mixtures in the cambustion chambers has been mn- 
ducted at sea-level zero-ram flight conditions on 4000-pouad-thrust 
axial-flow and centrifugal-flow  turboJet engines. The englneB 
were  equipped variable-area exhaust nozzles that were used t o  
maintain constant  turbine-outlet teraperatures during injection. 
The thrust augnentation, compressor characteristics,  fuel flow, 
and turbine-outlet-temperature distribution6 axe weaented f o r  
vasioua injection rates and water-alcoholnixtmes. The thrust 
augmentation obtained br combuetian-chaniber injection is comgared 
with results of both inlet  injection azmd interstage  injection 
from other  investigations for the axial-flow-type engine. A method 
of computing the thruet s u m t a t i o n  by injection  into  the combw- 
tion chanibers is ala0 presented and is oampared with t he  reeulta of 
the erperimental  investigation of the axial-flow engine. 

A maxiimun ratio af augmented t o  normal thrust of 1.18 x88 
obtained for  the axial-flow-cmpreeaor engine by the injection of 
0.78 pound per seoond of alcohol snd 4.6 pounds per secorad of' water 
into  the cambustion ch&uber. The cnm-pnted augmented-thrust ratio8 
were xithin 1 peroent of the experimental resu l t s .  No appreciable 
t h r u s t   a m n t a t i o n  was obtained  with the centriAzgal-flow-type 
engine by i n j e o t l o n  of water into  the canbustfon chamber. This  
reeult is explained by the ehape of the canpreesor-characteristic 
curves for   thie  engine. 

. 
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AB a part of a general research program of thruet augmentation 
of turbojet engines, several  lnveetlgatlone of Injection of water 
and vater-alcohol mixture6 have been conducted at the NACA Lewis 
laboratory. Reaulte of investigation6 of InJeotion of water and 
aloahol into the ccmpreasor inlet8 of both axial- and centrifugal- 
flaw englnes are preeented in reiberenaes 1 fa 3. Interstage 
Injection  into the casnpreslsor of BP axial-flow engine was ulao 
investigated (rderence 4).  

An lweetigation of water and water-alcohol  InJectIon in to  the 
ombustion chambers of 4000-pouad-thrust azial- and centrifugal-flow 
engines at sea-level, zero-ram aonditions Irr reported herein. Siml- 
leu. injectian rryatems were used on both the axial- and centrifugal- 
flow engines; four different asTangementa of injection nozzles were  
investigated on the axtal-flow engine. Both engines were ecpiBpea 
with varlable-area exhauet mzelee t o  provide control of the 
exhaust-gaa temperature independent of Injection rate and engiae 
speed. The lnveetigation with the axial-flow engine waa ooducted 
a t  limiting candltione of speed a d  exhauet-gas temperature and 
covered a range of in3ection rates frcsa 0 t o  4.6 punde per eecond 
of water with 0.8 pound per seoand of a loaho l  and a ecuumhat emaller 
range of injection  rates with water alone. The investigation with 
the oentrlf'ugal-flow engine waa c d u u t e d  over a range of engine 
speeds an8 x88 confined t o  the Iqjeotion of 1 and 2 pound8 per 
second of water alone. 
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The 533 engine has a double-entry centrifugal-flow compreseor, 
14 cylindrical combustion  chambers, and a single-stage  turbine. 
The naminal military rating of the engine is 4000-paunde thrust 
at 11,500 rpn and zero-ram, sea-level c d i t i o n e .  

Engine installation and cxnnponent parte.  - The general errrange- 
ment of the  installation of the 535 engins in  the  tes t  chamber is 
shown in  figure 1. The 533 eetup was eimilax i n  nost details. The 
engine was munted. on a swinging framework suspended f r o m  the ceil- 
ing of the t e s t  chaniber; the engine thrust wa8 b8lanoed and measured 
with an air-pressure diaphraga. lhgine air entered  the neazly adr- 
tight chamber through tvo 18-inch-cIiameter A.S.M.E. nozzles that 
were us& t o  meaaure the. air flow. The engine speed azld the fuel 
flow were meaeurgd with standard instrumentation. 

A spherical clamahell-type variable-area exhaust nozzle was 
install& at the end of a t a i l  pipe 30 inches in length, which pro- 
vided f o r  diaoharge of the ezhaust gars outside the teat  chmiber. 
A cowling was installed at t h e  e w e  inlet  to f ac i l i t a t e  meaeure- 
ment of the engine inlet-air temperature. 

Liquids. - For thfe investigation AR-F-32 (Amendment-3) fuel  
was used. The alcohol uaed was a mixture of =-percent metwl and 
50-peroent ethyl aloohol by volume. The water waa obtained frcm 
Cleveland ci ty  maim. 

Water-alcohol inJection eystema. - For the inv-tigatiaa in 
the J35 engine four modificatiom of the water- and alcohol- 
injection nozzles, des€gnatd nozzle axraagsmenta A, B, C, anB D, 
were used. The locations and the details of inetallation of the 
nozzles are shown in   f igure 2. The number, eize, type, and 
location of injection nozzle8 used are lieted  in  the following 
table : 
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Hozzle 
arrange- 

ment 

A 

B 

C 

D 

A 

B 

C 

D 

Nozzlee 
per 

chamber 

Water nozzlee 
Rollow 

cone 

H o l l o w  
cane 

Hollow 
oone 

Solid 
Jet 

i F  
073 

D .089 

.073 

. os5 

.os5 

Dieternce 
f ran 

upstream 
flange of 

zhamber, ( in. ) 

17h 

172 1 

l7z 1 

17- 1 2 

On the barria of preliminary inreetigstions conducted on a 
6ingle ooenbaetfan chamber (refereme 5 )  , the liquids were introduced 
at  appmxkately the mid.point of the collibuetion dumber into the 
primary oatbustion zone near the liner walls. The injected liquide 
entered the nozzlee tangentially; the awirl thereby iduoed 
a fine hollow cone spray for  all af the injeotion eyetams except D. 
System D utilized nozzlee with straight through flow to obtain a 
solid j e t .  In all aonfiguraticm the water waa intrcduoed upstream 
of the alcohol. 

Only one injeotion eyetern m wed 011 the 533 engine. One 
solid Jet end three hollow-cone water-injeotion nozzles (eimilar 
to W e  used on the 535 engine) were attached t o  eauh burper at  
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the  locations  aham in figure 3. The nozzles were located 88 near 
88 poesfble t o  the midpoint of each cabustion ohamber. !I918 nwiber, 
size,  type, and location of nozzles wed in the 533 engine are 
s u m a r i z e d  i n  the f ollarlng table: 

b 

. 

Hollow 
00- 

Solid 
r j e t  

3 1 3/16 
I 

Diatance 
f ran 

flange of 
ohamber, (in. ) 

12 

Upeiir0iFU.U 

12 

The single so l id - j e t - tm  nozzle (we3 i n  each cambustion 
ohamber) waa inetalled on the outer periphery of the engine in an 
effort  t o  eliminate a high-tanprature  region at the root of the 
turbine blades. 

Temperature and pressure instrumentation. - The locations of 
temperature and pressure inetrmmnts m both engines are shown in 
figure 1, !Fhe number, type, and location of themmouples in   the 
535 engine w e r e  ae follows : 

(a) Total tnmperature, a t  engine inlet   (station 0) To: Average 
af 20 themmoouplea, f ive III each ~f four rakes goo apart, 
at entrance t o  inlet  cawling 

(b) Total temperature at ccanpmeor outlet  (etation 2) T2: 
Average of 20 thermcoupleer, five in eaoh of four rakes 
located upstream of oombastion chambers 2, 4, 6, and 8 

( c )  Turbine-outlet-temperature awvey dawnstream of the cam- 
bustion chanbers (atation 5 )  ?! : four rakes of four 
thermocouples  each located at pour radii downstream of 
center lines of oonibustion charnbere 2, 4, 6,  and 8 .  
The four thermocouple read- at each radius were aver- 
aged t o  obtain an average radial tgmPerature distribution. 



(a) Turbine-outlet-temrperature s m e y  between canbution 
chambers (station 5) Ipsq : four rakes of four thenon- 
couples Snoated a t  four radi i  dawnstrsam of midpoints 
between burnera 2 and 3, 4 end 5, 6 ard 7 ,  and 8 amf 1. 
The four thermocouple readings 8t each r d i w  were aver- 
aged t o  obtain an average radial temperature distribution. 

(e) Temperature at tail-pipe  inlet (steation 7 )  T7: Average 
of eight s t ru t - typ  thermocouples eqpally spaced circum- 
ferentially tad 4 inchee frcm tall-pipe wall 

The number, type, and looatIan of pressure tubes in the 535 
engine were BB follows : 

(e) cpotal pressure at -$ne inlet (station 0) p0: one open- 
end tube ia quiescent zone of teat ohember 

(b)  Total prefleure at coBrpreseor outlet  (station 2)  P2: 
Average of' 12 total-prwsure tubes, three in  eaah of 
four rakes upetream &' o a t h s t i o n  chambers 1, 3, 5, 
a n a 7  

Similar ixmtrumentation waa used for the 533 engine. 

- C,D 
C 
D 

Water flow 
(lb/seo } 

0 
0.8 
1.6 
2.4 
3.2 
3.2 
4.0 
4.25 
4.6 

Alcohol flow 
(lb/sec) 

0 
090.8 
0,0.8 
0,0.8 

0.8 
0 
0.8 
0.8 
0.8 

. . .. . .. 
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A l l  runs were made at an indicated engine p e d  of 7700 r p  w i t h  
an indicated  tail-pipe temperature of 1660 R (maintained by exhawit- 
nozzle adjustment). The rune with zero water and alcohol  injection 
were  conduoted periodically during the course of the  investigation 
in order to provide normal performence data upon which t o  base the 
thrust aueplentation . 

Injection into the combustion chambers of the 533 engine was 
investigated over an engine-epeed range from 10,500 t o  11,500 r p .  
Two eeries of r u m  were conducted, one w i t h  an exhaust-nozzle size 
providing an indicated  tail-pipe temperature of 1689 R at 11,500 
rpn and the  other with an exhaust-nozzle e l m  povid_ing an inaicated 
tail-pipe temperature of 1660° R at 11,500 rpm (both  maintained by 
exhaust-nozzle  adjustment) w i t h  water-injection flows of 1.0 and 
2 .O pods per seconb, respectively. The rewon for operating at 
two tsil-pipe temperatures w i l l  be subeequently  diecueseb. Iforma1 
perf'onnance data were also obtained over a range of engine speeds 
w i t h  the exhaust-nozzle aize providing an indicated  tall-pipe tam- 
perature of 1685O B at 11,500 r p ~  upon which to baae the  augwntation. 

All performance data presented were corrected t o  standard eea- 
level condition6 by use of the canventional  generalization parameters 
in order t o  adjuat for small variatione in inlet  corditions that 
occurred during the  investigation. These factors, although unveri- 
fied by experiment for application t o  cambuetion-chamber injection 
data, are believed accurate for   the small ranges of in le t  conditione 
enoountered in  thia iweertigation;  they ehould not be wed, hawever, 
t o  extrapolate the present data   to   a l t i tade oonditions  without 
further experimental verification. 
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where 

6 

8 

ctnnpreseor-Inlet to ta l  pressure 
NACA standard sea-level preesure 

compreseor-Inlet t o t a l  temperature 
R N A  standard sea-level temperature 

All the eynibola wed in t h l e  report are defined In appendix A. 

The oorrection  factors  applied to the lnjected-water and 
-alcohol flow are the s a w  as thoee applied t o  the air flow i n  
order t o  mslntain the 8(11168 water-alr and &lcohol-afr ratios before 
and af ter  data correction. The factor K inclxded In the  correc- 
tion t o  engine-fuel flaw serves to maintain a heat balanoe from 
umorrected t o  corrected conditions. The factor K l e  defined 
as follows: 

. . .  

where hf fe the heating value of the fuel a d  'If is the can- 
buetion efficiency. The value of 0.35 in the  equation i e  the 
effective ratio of' the net  heating value c& the  alcohol t o  the 
net heaeing value of the  fuel aryi m a  obtained from analyela of 
the  data reported herein. lzle value aP 1200 accounts for the 
enthalpy rise of the water during vaporization. 

Beoause the Investigation of' the cufal-flow engine wae cop- 
ducted at various ambient conditione, the data were not obtained 
at exactly the same corrected engine sgeed~ a d  tail-pipe tempera- 
tures. Additional adJuetment af the data was therefore made t o  
reduoe the  resulte t o  a oomtant  corrected engine epeed of 7550 rpn 
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and a td l -p ipe  temperature of lS8O0 R. These adjustments were 
made by using the slopes of c m e s  of the corrected engine- 
performance  parermeters plotted.  against engfne speed for nonaug- 
mented operat ion. Although this prooedure may not be exact, the 
resultant error far the small range of engine speeds invoWed 
(7400 t o  7700 rpu) is believed t o  be negligible. 

The effect on engine operation of injection of liquid8 into 
the  cabustion ahaaiber mag be illuetrated by reference t o  t h e  
comwessor-characteristics curves of figure 4, which were obtained 
on the axial-f low engine. Because the flow through the  turbine- * 

nozzle throat ia sonlo SnB the area is fired, the  ratio of t o t a l  
gas flow t o  turbine-fnlet  (or  capressor-outlet)  pressure is 
constant for a  given turbine-inlet temperature If the change in 
pbyaical  properties of the working fluid with  injection of water 
is neglected. The injection of water and alcohol  therefore  tends 
t o  produce a deoreaae in compressor air flow. This  air-flow 
decreaee, howmer, is accanpanied by a simultaneouer incream  in 
cmpressor-pressure  ratio, aa aham by the conrpreseor-aharacteristic 
curve8 fo r  a given engine speed. A new equilibrium  operating  point 
of the engine, having a lower cmpreesor air flow, .a higher 
compressor-preseure ratio, asb henee a higher total gas flow 
through the turbine, i e  thus obtained. The thrust augmentation 
produced therefare depende on the  operating  characteristics of the 
conpressor and is a result  of both the increased ~ B B S  flow and the 
higher Jet velocity provided by t he  increased preesure ratlo.  a 
addition t o  these effecte, the increased gas constant and specific 
heat of the  water-alcohol-air mixture contribute, t o  a emaller 
degree, to an increase in the  turbine-outlet ppllessure and o m e -  
quently in the Jet  velocity. 

The foregoing  biscussiaa of the fundmental  effect8 
combustion-chamber injeotion on the engine cycle  indicates that 
the thruet -ntation may be caloulated from a knowledge of 
the comgressor characterietios.  Calculation of a-nted-thruet 
ratios (ratio of  augmented t o  normal thrust) x88 therdore made 
based on the experimental  compressor-characteristic cmve (fig. 4) 
fo r  the engtne. For this analysis, the new equilibrium running 
point between the canpressor arad the turbine wa8 determined fo r  
various injection  rates by graphically euperimpos- the campreesor- 
and turbine-f low characteristics (See agpendir B. ) Ueing  the , 
compressor-wessure ratio and. air flow thus determined, the per- 
f ommace of the  canplete cyole was coquted from values of 
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compressor efficiency  cmputed from unau@pzented teat  data, an 
assumed value of turbine  efficiency, ad. conventional thermodynamic 
mthode of analysis. The analyais was made for a range of water- 
injection  rates fran 1 to 5 pound~l per secod aad far alcohol- 
injection rat= of 0 and 0.78 pound per second. Calculatione of 
thrust atqpentatfon were made using values of thezmkiynamlc proper- 
ties of the working f luid ( 7  snd R )  taking into account the changes 
in these  properties  cawed by the  injected water and alcohol, and 
additional  calculations were &e neglecting these changes in  gas 
propertiee. Further details  of the method of analysis and the 
equeatione used are given i n  appendix B. 

The results of the  investigations with the xzial- and 
oentrifugal-flow engin- presented separately and a cmprison 
of combustion-chatiber injection w i t h  other injection methods l a  
given for   the axial-f law -ne. 

Perfarmaaoe of Axial-Flow Engine 

Compressor operatinp; charactsristics. - The sh i f t  in the engine 
operating  point with conibustioq-chamber injection (peviouely die-  
cuased) is illustrated in figures 5 and 6 .  The air flaw and 
compressor-pressure rat io  for nozzle-arrangement C are plotted 
against the to ta l  liquid flow f o r  constant  correct& engine speed 
and tail-.pipe gas temperature. Bigure  5 showa that the air  f lar 
decrewes elightly with increased liquid-injection rates. Although 
the  scatter in the data is relatively large, the trend wae con- 
firmed by data from other nozzle amangements. The small change 
i n  air flaw .is acoampanied by a relatively  large change in 
cmpreesor-preeeure ratio, 88 e h m  by the  data in  figure 6 .  The 
curve of pressure ra t io  predioted from the m e a s u r e d  air flow and 
the coslpreeear-charaokrietic o w e s  of figure 4 is shown by the 
dashed l ine in figure 6. The departure of the dashed c m e  fmm 
the experimental points is attributed to discrepanciee in the  air- 
flow data. 

Experimental thmret augmsntation. - The augmented-thmat ratios 
experimentally  obtained for  the four injection-nozzle euTangemente 
are plotted in figure 7 88 a function of corrected total liquid flaw 
for  0 and 0.78 pound per second of corrected injected-alcohol flow 
a d  fo r  a corrected engine speed of 7550 r p a  and a oomected tail- 
pipe temperature af 1580° R. A l l  the  data  correlate, indl- 
cat- that  within the accuracy of the data the amount 



of augentation  &ailable f o r  a given total liquid flow was inde- 
pendent of both the nozzle arrangement and the mirture of water and 
alcohol  injected. The maximum injection  rate of water alone waa 
limited by the capacity of' the engine fuel system t o  a flow of' 3.2 
poUnas per seconl. For this  codition,  the augtnented-thruat ra t io  
was 1.12 with a to t a l  liquid flow of 4.6 pounds per second.  For 
the water-alcohol m f x t n r e ,  the marrirmnn injected flow ra te  was 4.6 
pounds per second of water plus 0.78 pound per second of alcohol 
as limited by hot strealrs and overheating of the engine tail pipe. 
The maximum augmnted-thrust ra t io  obtained at this point was 1.18 
w i t h  a total  liquid flow of 6.63 pounds per second. The augmented- 
thrust rat io  showed no tendency to drop off with  increased  injected 
flow rate. This re su l t  idlicates  that  higher augmentations might 
have been obtained with an imp-ovd i aec t ion  system that would per- 
mit operation w i t h  hi&er flows. Operation of the engine became 
increasingly imm, however, aa the  injected flare were increased, 
as will be subsequently  discussed. 

Fuel flow. - The corrected fuel flow obtained  with nozzle- 
arrangement C is plotted against corrected  injected-ter flow f o r  
0 and 0.78 pound per s e c d  of injected-alcohol flow in figure 8 .  
The fuel flow increases  rapidly 88 the injectedqater flow increases 
and decreases with injected-alcohol flap. With an alcohol flow of 
0.78 pound per second and a water flow of 2.67 pounds per second, 
the  fuel flow is equal to  the fuel flow without injection. The mix- 
ture of water and alcohol f o r  constant engine fuel  flow ie  therefore 
23-percent alcohol by weight . The data are insufficient to deter- 
mine whether the englne aould be operated at this conatant fnel flow 
f o r  other  injected  flare w t t h  th i s  mixture. 

An increase in  the  Injected-alcohol flow from 0 to 0.78 poM 
per second decreased the fuel flaw required by appawlmstely 0.27 
pound per second. Calculationa based on these flow rates and on 
heating values 09 18,100 and 10,900 Btu per pod f o r  fuel and alco- 
hol, respectively, and for  a fuel ccnnbuetion effioiency of 95 percent 
indicate  that 56 percent of the  heating  value of the alcohol is 
released in  t h e   c d u a t i o n  chambers. 

Turbine-outlet  texaprature surveys. - %?meratme 8urveye 8% 
the  turblne  outlet f o r  varfous ratels a€' water and aloohol iqjection 
w i t h  nozzle-arrangement D are shown in figure 9. The temperature 
distributions f o r  nozzle-a3Tsngementa 4 B, a d  C were similar to 
those for arrangement D, and no signlf'icant differermes were obtained 
by the change5 made in the nozzle a.rrangement. Curvee are a h a m  
f o r  the average radial distribution between burners and directly 
damatream of the burnere. (See section  entitled "Temperature and 
pressure Instrumentation" for  location of themmcouple r e a .  ) 



A l l  the data are for  the sam over-all average tail-pipe gaa tern- 
perature ( 1660° R )  . The radial temperature gradient is about the 
same f o r  a l l  injection rates; increwing  the lnjected-rwater and 
-alcohol flow decreased the temperatures between the combustion 
chambera (fig. 9 ( a ) )  by about the erne mount 88 it increaerd the 
temperatures directly downetream of the burner (fig.  9(b)). The 
change in temperature YEW approximately 300' R fo r  an injection 
of 4.6 pounds per second of water 0.78 pound per aecolld of 
alcohol.  Inaamch as the gas temperature for unaugmsnted operation 
vas higher directly dovnetream of the canbustion chanibene, injeotion 
had the effect of increasing  the  highest temperatures and decreasing 
the lowest temperatures. 

Operatinp; characteristics. - V i s u a l  observations of the engine 
during this  investigation showed that water-inJection rates  above 
3 pounds per second  caused hot  etreaks t o  appear on the tail cone. 
In  general, the hot  strealrs became brighter with  increases in 
in:ected-water flow. The addition of alcohol t o  the injected mix- 
ture also cawed the streaks t o  becane mre pronounced, possibly 
due t o  sfterburning of the alcohol through the turbine. No sig- 
nifioant  difference was observed f o r  any of the nozzle arrangement8 
investigated, an8 became of these hot streaka the maxbmn 
injected flaw was limited t o  5.4 pounds per secoud. 

Immsdiately after operation  with i aec t ion  of 4.6 pounds per 
aecond of water and 0.80 pound per seooad of alcohol during the 
investigation of nozzle-arrangement D, a turbine  blade waa found 
t o  be  broken d f  at a point about one-third af the blade length 
from the t i p .  The varpgd condition of a number of the b ldee  in 
the  turbine-nozzle aiaphraepl &ter this failure fe ahown in 
f lgure 10. 

The exact cause of these failurea was not determined, but it 
ie probable that the failures were cawed by prolonged operation 
at max.llmrm turbine-inlet t-rature and engfne speed wlth frequent 
changes in teunperature dietribation o a u e d  by variable rates of 
injeotion encountered while se t t ing   t es t  conditione. 

Comparison with  other  injection methods. - A ccsnparison of 
thrust au@nentatfon  by water injection at the ccpnpreseor inlet and 
by interstage injeotion with that obtained by  canbustion-nhnmiher 
injeotlon is e h m  in  figure 11. The data for  inlet in jeotion 
(reference 2) a d  f o r  interatage i n j e o t b n  (reference. 4) are 
compared with oamtbuetion~hsPnber-injection results on an 
unoorrected bash  beoaaee of the  uncertainty af the   omect ion 
msthode for inlet lnjeatlon in em axial-f lar-cmpre13eor engine. 
The compriacm ehowa that lnJectian at the ccanpreesor in le t  

3 
N 
l-l 
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produces greater t;hruet sugmentation than canbustion-chamber 
injection throughout almost the entire range of flm investigated. 
The uae of canpressor-inlet  injection at total   l iquid flm above 
3.5 or  4 .O pounds per second, -mer, has been f ouZaa. t o  result in  
sufficient  centrifugal  sepration of the  liquid apd air aBd attern- 
dant uneven taperature  distributions in t he  compress or to produce 
rubbing of the compressor blades on the  casing  (reference 2). In 
view of this limitation  to  the  applicabilfty of compressor-inlet 
injection, it appears that for amented-thrust ratios above about 
1.14 the canbustion-chaniber injection system is superior t o  that 
of inlet  injection.  Interstage  injection  prduces a greater thrust 
augmentation over the  entire range of liquid flow8 than ccrmbustion- 
chaniber injection. The maximunp difference is about 5 percent of 
the normal thruet at a total   l iquid flow of 5.5 pounds per a d .  

Calculated amnted- thrus t   ra t io .  - The augaented-thruet ra t io  
calculated by the method discussed in the  section  entitled "AnaLyeis" 
an3 outlined in append- B is shown in figure 12 and ie caupred- 
w i t h  the curve of experimental augmnted-thuat  ratio  taken from 
figure 7. Calculated  curves are shown f o r  two cases: (1) neglecting 
a d  (2)  accounting f o r  the  effect of the presence of water and 
alcohol on the gas poperties ( y  and R). As peviously discussed, 
the analysis was made f o r  a range of injected-ater flows fram 1 t o  
5 pounds per second and for injected-alcohol flowa of 0 and 0.78 
pound per second; for simglicity, it was assumed that  all the 
injected  alcohol atxi fuel burned. On this baais, the augmented- 
thruat  ratio as a function of total   l iquid flow was independent of 
the water-alcohol  mixture f o r  the range inveetigated and therefore 
the results for the various water-alcohol mixtures are not dis- 
tinguished in  figure 12. X a 50-percent combustion efficiency 
for the 8 l C O h O l  had been aesumed (as illdicated by the experimeSteL1 
results) ,  an increase in total   l iquid flow of about 3 percent at 
the same au@nmted-thrzzet ratios would have been obtained for   the 
conditions xith 8bohOl  injection. 'Phe cume of a-ted-thrust 
ratio  calculated by accounting fo r  c u e s  in gas properties with 
injection ie about 1 percent hi#mr than the e x p e r l t a l  curve. 
The curve for oalcul&te-  augmentation neglecting the changes i n  
&as properties- i;3 coneiderably Lawer than the axperimental curve, 
particularly at the higher total liquid flowa. Results of the 
analysis further show that about one-f ourth of the augmentation 
produced is due to  changes in thermodynamic properties of the work- 
ing fluid and of the remaining three-fourths, half is due t o  increased 
nass flow a d  half to increased jet  velocity  resulting frau the 

by combustion-chmber injection may thus be calculated  with good 
accuracy if the changes in e;ae properbies are caneidered. 

, higher campressor-pressure rat io .  The thruet augmentation obtain& 

c 
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Performance of' Centrifugal-Compreasor %&ne 

The reeults of' the  investigations conducted with t he  
centrifugal-f loa engine ere slmmrFlrrized i n  figure 13, in  which the 
corrected thrust is plotted againet the  correoted engine speed fo r  
two tail-pipe-temperature  settings at mimum englne speed. The 
maximum inJected-water flw wlth the variable-area  nozzle eet fo r  
a tail-pipe temperature of 1685' R waa limited t o  a flow between 
1.5 and 2.0 pounds per second by compressor surge. Inaemuch as 
the thrust inoreaae e h m  by the line for an injection  rate of 1.0 
pound per second waa small, very l i t t l e   fu r the r  increase could be 
expected up t o  surge. As an alternative method of operation, the 
tail-pipe gas temperature was reduced to  1660' R at maximum speed 
by increersing the exhauet-nozzle area t o  pevlnit a higher to ta l  mas8 
flow and: an attendant  higher  injection rate, which was accompanied 
by a f avoretble  change in gae propertlee before surge W&B encountered. 
The iajected-water flaw at this  tail-pipe-temperate setting was 
limited to a flow between 2 .O and 2.5 pounde per second by compreseor 
surge. The augmented thrust for  8 tail-pipe temperature af l66P R 
and injected-water  rate CXP 2.0 pounds per eecord waa, however, 
about the same aa the norntal thrwt at a tail-pipe temperature of 
1689 R. Thufi f o r  both canditione  'investigated, t h e  thruet augmenta- 
tion was very small. 

The small incream in thruet with water lnJection is explained 
by the comprgesor-oharacterbtio cur~e6  for a aimilar  centrifugal- 
flaw-type engine, which are replotted f3.a an unavailable  publi- 
oation in figure 14. Also e h m  in this figure are the  operating 
pointa for two rates af water injection. It is apparent that  the 
shi f t  in the compreseor operating point with lncreaaed injection 
rate m u m s  very l i t t le  hcreaee in cc9npressor-preesure rat io  
due t o  the  very flat canpee~or  characterist ic and, ooneequentlJ., 
the ccenpxmsor-outlet gressure l a  nearly conatant for all in;lection 
rate8 from noma1 operation t o  surge. Beaus8 the cmpressor-outlet 
pressure l e  nearly constant (fig. 14), the -8 flow through a e  
eagine pras also nearly oonstant; hence the thrust produced is 
approximately constant. 

3 
N 
d 

The following results were obtained ip the eea-level, zero- 
ram investigation of thruet augmsntatfon of 4000-pounb-thrust 
axial- and centrifugal-ampressor  turbojet engines by injection 
of water and water-alcohol mixtures in  the conibuetion  chambere: 
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1. The idec t ion  of liquids  into  the cmibustion chamber 
caused a shift in  the  equilibrium running point of' the engine t o  
a lower air flow, a higher pressure ratio, and a higher to t a l  mass 
flow rate. This sh i f t  in running conditions af the engine w&8 a 
result of the flow limitations lmposed by the turbine nozzles and 
depended in magnitude upon the ccanpreesor characteristioe of the 
engine. morn a knowledge of the compressor characteristics,  the 
thrust augmentation produced could be calculated with a good degree 
of accuracy provided that changes in  thermdymmlc properties of 
the working f h i d  were properly accounted for. In a sample 081- 
culatian,  the computed aqpented-thru8t  ratio xa8 within 1 percent 
of t h e  experimental results. 

2. A maximum amnted - th rus t   r a t io  & 1.18 was obtained for 
the  axial-f low-compressor engine f o r  a marlrmrm injection  rate of 

. 0.78 pound per second af alcohol and 4.6 pow per second of water; 
the  total  liquid flow including fue l  at this condition waa 6.63 
pouzads per second. 

3. Within the  rapge cf conditions  lnveetigated, t he  thruet 
augmsntation of the axial-f low engine f o r  a given t o t a l  liquid flow 
waa unaf'fwted by the injection-nozzle  mangement wed. or by the 
mixture of water and alcohol inject&. 

4. For the  four nozzle arrangaents ueed on the  axial-flow 
engine, the  intensity of hot stre-  in  the ta i l  pipe during 
operation with hi@ t o t a l  liquid flows was cansidered sufficiently 
severe to limit  the munt of injected flow to values lees than 
about 5$  pounds per seoond. 

5. iche increase in o ~ e s s a r - p r e s s u r e  r a t io  Kith injection 
rate  f o r  the  centrifngal-flow englne m small due t o  t h e  f la t  
compressor characteristic at the operatfng point. AB a result, 
the  total  maa~ flow through the engine waa nearly c m t a n t  aud 
the thrust increase wae small. lthe injected-uater flow for  this 
engine was limited to small quantities by ccxqcessor surge. 

6 .  Because  combuetion-ohamber injection permitted operation 
at higher  liquid flows thaa the operational limit w i t h  canpressor- 
inlet  injection, it is considered superior to inlet  injeotion for 
the axial-f low engine for total   l iquid f'lm above 3.5 to 4.0 
pods per second, Ccmpessor-interatage  injeotfon prOauced 
higher thrurst augmeptstion than ocsnbuetion-chamber injection over 
the entire range of liquid f l m  investigated. 
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7 .  InJectlon  Into the mid-flow engine had l i t t l e  d f e c t  on 
the radial turbine-outl~t-tenrperature profile. The normally preaent 
circuuferentlal temperature g r d l e n t e ,  however, became  more stwere 
w i t h  increased injection rate, with the tauperaturea directly dam- 
stream of' the canbustion &&em increashg 88 much as 300' F and 
the temperaturea between conhution chsmber6 decreasing much as 
3000 F 88 the  Injection rate waa increased up t o  5.4 pounds per 
eecolzd. Inaamuch as the temperature  without lnjection wa8 higher 
downstream of the cambustion chamber, i aec t ion  had the effect of 
Inorewing the h l a e a t  temperatures and decreasing the lowest tem- 
peratures. Changes In the injection-nozzle amane5gnnent had l i t t l e  
effect on the temperature distrlbutions. 

LWe Fl.i&t Propulsion Laboratory 
National Advieory C e t t e e  f o r  Aeromutfcs 

Cleveland, Ohio. 
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SmBOB 

effective turbine-nozzle-throat area, SQ f't 

c conetant 

. Cv exhaust-nozzle velocity  coefficient 

cp specifio heat at constant pressure, Btu/( lb)(%) 

B normal jet thrust (without injeotion) , lb 
FA augmented jet thruet (w2th injection), lb 

g m~ss conversion faotor, ft/sec 

% lower heating value of fuel, Btu/lb 

2 

J 

B 

P 



function of properties of water-air mixture 

ra t io  of specific  heat 

compressor-inlet to ta l  pressure 
NACA standard sea-level pressure 

ccgnpreasor adiabatic  efficiency 

cambustian efficiency 

turbine adiabatic  efficiency 

compressor-inlet to ta l  temperature 
NACA stand& sea-level temperature 

Subs cripta : 

A 

A' 

A' 

a 

g 

J 

m 

S 

W 

0 

2 

4 

5 
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m m  OF CAKXJL~ING AEMEWDD-THRUST mro r n ~  
COMBUSTION4HAMBE8  ION OF WATER AND ALCOHOL 

The following values were assumed cawtant throughout the 
calculatim: 

C P t  a 0.24 Btu/( lb) (%) 

PP,dS 0.273 Btu/( Ib) (41) 

R, 85.8 f t - lb / ( lb)  (%) 

qt 

7, 1.4 

Ym, s 

0.81 

1.336 

For t h e  engine speed coneiaered, calculations of compressor 
eff ioiency qc fram the maugmntied tes t  data ( t h e  data frm which 
the cnmaressor-characteristic curve was determined) showed that the 
efficiency ma nearly constant at a value of 0.84. This value x88 
accordingly used in  the a n s l y e h .  

The equilibrium running point of the engine for variow rates 
of injection into the combustion chamber is determlned by super- 
imposing the compressor azad turbine operating oharacteristics. 

For supercritical-pressure ra t io  across the turbine nozzles, 
the maes flow of mixture through the turbine is given by 
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Frcm zero-ram -sea-level conditione 

When pressure lcresee in the  cambustion &amber are neglected, 

P2 = P4 

By use of equations (2) and (3), equation (1) may be written 

I r,tl 
I - 

A factor p ie def  ined 88 

For these  cmputatitms,  the fuel flaw and the  inJectd-alcahol 
flow are  neglected in evaluating p .  For a canatant gae temperature, 
p €8 therefore a function of only the water-air mixture paesing 
through  the turbine. 

For slmplicfty,  the  turbine-inlet tempra$ure T4 is con- 
sidered  constant for that part of the analysis concerned  with  estab- 
lishing the operating  point of the  engine. For the  rest of the 
analyeier,  the  turbine-outlet  temperature is ebesumea to be  constant, 
and  the  turbine-inlet  temperature  variable. Check calculationa 
reveal that this sbpllfying assumption produces negligible error. 

C e: 2116 A t  J,& 
where Ait, is  evaluated from analyeis of normal engine perfoHnance 
data. 
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By substituting  eqktions (5) and (6) into  equation (4) 

p2 w = c p -  m PO 

and for augmented conditions 

eubstitution of equation (9) in 

(10) gives 

. 
turbine-f low characteristics in 
characteristics, that is, ws 

poa8ing values of $. Assuming the temperature rise i n  the  canbustion 
chamber t o  be constant f o r  all operating  conaitions and a cmbustion 
efficiency of 100 percent  servee BB a basis for  evaluating  the fuel 
flow Wf from .the charts of reference 6, which includes t he  heating 
value of the  slcohol. With al l  factore of equation (11) except 
P2/Po thus determined o r  assumsd, P2/Po is calculated far several 
values of Wa, and the pointe thus obtained are plotted on the same 
coordinates 88 the canpressor-characteristic curve; the  intersection 
of the two curves thus establishes the equilibrium dng point of 
the engine. The final operating curves are B h m  in figure 15, 
where the compressor-characteristi-c curve for a corrected engine 
speed of 7550 rpa and the  turbine-flow  characteristics f o r  a range 
of water- ard alcohol-injection rates are illustrated. 
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When the running points of' the engine for varloue injection 
rates and mixtures have been established by the foregoing pro- 
cedure, the au@rtented-thruet ratios may be calculated by mane 
of the following equatione. 

The temperature rise through the cmgressor i~ determiaed 
from the pressure ratio established by thie procedure from 

r 1 

L -1 

The exhaust-nozzle pressure ratio mag be determbed f r a n  the 
compressor epld turbine pressure ratios a~ followa : 
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The expressSon fo r  the Jet thrust for zero-ram sea-level 
conditions i a  

Where 

F = -V wm 
g j  

I r- 

For the case where the change in thermodynamic properties 
due to  injection are neglected, equatfon (18) reduces t o  
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The specific  heat of the air, water, fuel, an8 alcohol mix- 
ture SS determined fram the law of mixturee, aa follows : 

where cPt g3 88 well aa R t o  be used laters, are  determined from 
curves of specific  heat of gases for various fuel-air ratios and 
temperatures prepared from the daka of reference 7. The indected 
alcohol was considered 88 fuel in the fuel-air r a t i o  used in these 
cha t s .  The speciffc  heat of the w a t e r  vapor c ~ , ~  is obtained 
fram the following empirical  equation of reference 8:  

g 

c = 19.86 597 7500 
PtW -r+- T 

Similarly, the value of the gas conatant % ie determined 
from 

The value of' the  specific  heat  function ie determine& from 
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* 

5 8  60 62 64 66 68 
Corrected air flow, W , v / 3 ,  

Figure 4. - Compressor-characteristic curves f o r  
s h e s  on axial-flow engine. 
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70 72 74 
lb/aec 
various exhaust-nozzle 



0 1 2 3 4 5 6 7 
Corrected t o t a l  liquid flow, + Wa1 @/a + WfK/6V, lb/eeo 

Figure 5. - Varlatlon o f  corrected alr flow with corrected to ta l  liquid conemuption for  0 and 

Cmrected engine speed, 7550 rpu; corrected tail-pipe temperature, 15800 R. 
0.78 pound per aeaond of injeoted aloohol flow for  nozzle-arrangement C on axial-flow engine 
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Corrected total liquid flow, Www/& + W a l  1/8/s + WfK/8'@, 

lb/sec . 

Piye . - Variation of compressor-p~easure ratio w i t h  corrected t o t s 1  

flow for nozzle-arrangement C on axial-flow  engbe. Corrected engine 
speed, 7550 rpm; corrected  tail-pipe temperature, 1580O R. 

lquid consumption f o r  0 and 0.78 pound per second of injected  alcohol 



0 1 e 3 4 5 6 7 L 
Figure 7. - Augmented-thrust ratio for four lioszle arrangements an axial-flow engine. Corrected 

engine speed, 7550 r p ;  corrected  tail-pipe temperature, 1580° R. 
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o +  1 2 3 4 5 
Corrected in jected-water flow, Ww @ / 8 ,  lb/sec 

Figure 8. - Variation of corrected fuel flow with  correoted injected- 
water f l o w  f o r  nozzle-arrangement C on axial-flow engine. Corrected 
engine speed, 7550 rpm; corrected tail-pipe temperature, 15800 R. - 
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Radial  distance acrom turbine-outlet annulus (measured from outside w a l l ) ,  in. 

(a) Radial distribution between  burners. 
P i p e  0. - Temperature awveys a t  turbine outlet of axial-flow engine for nozzle-arrangement D. 
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9.2 
Radial distanoe  across  turbine-outlet annulus (measured *om outside  wall), in. 

(b) Radial distribution doanetream of burner. 
Figure 9. - Concluded.  Temperature surveys at  turbine  outlet of axial-flow engine for noazle- 

arrangement D. 
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0 
+ C Water and alcohol   inject ion In ccsabuatian 

C Water in j ec t ion  in combustion  chmbera 

0 D Water In jec t ion  in combustion ohambers 
A ’ D Water and  alcohol  lnjeotion in ombustion 

Boxxle arrangemmt 

chambers 

”- 

chambers 
Water injecticm at  compressor i n l e t  (referace 

coatainlng 46 percent  aloohol  .(reference 4) 
1.2 ” In te ra tage   lu jec t lan  of ra ter-alcahol  mhture 

Total liquid flow, Wr + Wal + Wf, lb/aea 

Figure 11. - Compariem of augmented-thruat r a t i o  for water-alcohol  lnjeotion In t he  otmbuefion 
chamber vith t ha t  for water  injeotlon a t  the compressor I n l e t  and for water-aloohol I n j e c t i o n  

temperature, 18650 R; engine-Inlet  temperature, 548” R. 
lu te ra tage  on axlal-flow snpbe. Uncorrected engine speed, 7635 rpm; uuaorreoted  tail-pipe 
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Figure 14. - Runs with and without injection superimposed on compress 
characteristic curves f o r  similar centrifugal-flow engine. - 
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. 

Corrected air flow, Wa 

Figure 15. - Axial-flow-compressor characteristic  curve for corrected 
engine speed or 7550 rpm showing operating points f o r  several 
injection  rates at zero-re eea-level conditions. . 
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